Eye and head tracking of an oscillating visual flow was studied in 1-, 2-, and 3-month-old infants using EOG and an opto-electronic system. A pronounced decrease in phaselag of gaze velocity was observed over this age period, from 170 to 70 msec, but gain changed only marginally. Latency of the onset of tracking decreased with age from 860 to 560 msec. During tracking, the velocity of the head showed high frequency components in the 1--6 Hz range, to which the eye movements were reciprocal and without systematic phase lag. This coordination improved with age.
INTRODUCTION
Visual tracking of a moving target may be accomplished through a combination of head and eye movements. These movements must be scaled and timed to the external motion in order to maintain gaze on the target. Because of the internal lags of the perception action system this requires prediction of target motion. In such a situation, eye movements may also have to compensate for head movements unrelated to the tracking of the target. Such head movements may arise as a result of more gross body movements like locomotion, from external perturbations of the head, or from the internal modulations of voluntary head movements. The eye movements compensating for these various kinds of head movements must also be predictive in order to maintain a stable gaze on the target.
Studies on eye movements indicate that newborn infants have some ability to track a moving target smoothly. This ability, however, seems crucially dependent on the size of the stimulus. Dayton, Jones, Aiu, Rawson, Steele and Rose (1964) found that neonates followed a large moving visual field with smooth eye movements. However, when a small target was used the movements were saccadic . Furthermore, such eye movements underwent rapid postnatal development during the first few months of life (Aslin, 1981) . Later studies have generally supported these findings (Krementizer, Vaughan, Kurtzberg & Dowling, 1979; Roucoux, Culee & Roucoux, 1983; Bloch & Carchon, 1992; Aslin, 1981) . Aslin (1981) 
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following of the target up to 6 weeks of age, after which smooth pursuit began to be observed. The improved ability to track smaller targets smoothly is probably a function of a number of factors, including sensory and attentional development.
Predictive tracking may be based on correct perception of target motion and its derivatives. If the pattern of change accords to a specific function, like the sinusoidal one, this function could also be extracted and used to predict how the target is going to move next (Pavel, 1990) . The only data available on the development of predictive tracking has been presented by Aslin (1981) . He found that the smooth pursuits obtained for 10-week-old infants lagged the target but not always the ones for 12-week-olds. At that age, the eyes often stayed on target or were even slightly ahead of it. In a somewhat different setting, Haith and associates (Haith, Hazan & Goodman, 1988; Canfield & Haith, 1991; Wentworth & Haith, 1992) showed that 3-month-old infants were able to predict the next picture in a left-right sequence, by moving the eyes there before the picture appeared.
In a situation where the head is unrestrained, young infants will track a moving target through a combination of eye and head movements (Daniel & Lee, 1990; Regal, Ashmed & Salapatek, 1983; Roucoux et al., 1983) . According to Daniel and Lee (1990) , 6-month-old infants will in fact use the head to a greater extent than adults.
To the degree that head movements are unrelated to target motion, eye movements must compensate for them to perserve gaze on target. Such eye movements have generally been studied in a vestibulo-ocular reflex (VOR) context. VOR seems to function well in young infants. For 1-4 month-old infants, Finocchio, Preston and Fuchs (1991) reported a gain of approx. 1.0 at low frequencies (10, 20 or 40 deg/sec) which is higher than in adults. It is not known how the VOR functions in infants at higher frequencies, but in adults it then seems to work most efficiently (Benson, 1970; Hyd6n, Istl & Schwartz 1982; Tomlinson, Saunders & Schwartz, 1980; Barnes, 1983) . Benson (1970) using passive movements in the dark reported gains close to unity and a phase lag close to 0 deg for head frequencies up to 5 Hz. Hyd6n et al. (1982) also found a zero phase lag in the light when oscillating subjects in the same frequency range. Tomlinson et al. (1980) had subjects actively shaking their heads at frequencies up to 6 Hz and reported unity gain at frequencies from 2 to 5 Hz and zero phase at frequencies up to 6 Hz. Such performance requires the VOR to be predictive.
In this paper, we study young infants ability to track a vertically striped pattern covering the whole visual field. Such tracking is often referred to as the optokinetic response (OKR) to distinguish it from the smooth pursuit of a small moving target. For the purpose of the present article, we do not make this distinction. The aim is simply to find evidence of smooth eye and head adjustments to stabilize gaze on a visual scene.
Eye and head movements were recorded. The focus was on how abilities and strategies in ey~head coordination developed from 1 to 3 months of age. One set of questions concerned the tracking. How complete is it? Is the target motion predicted? To what extent can the tracking be characterized as smooth and to what extent is it composed of saccades? Another set of questions concerned the co-ordination between head and eyes. Do the movements of the head and eyes both contribute to the tracking of the target motion? Are eye movements used to compensate for head movements unrelated to the target motion, and, if so, how effective is this compensation?
METHOD

Subjects
Twenty-four full term infants participated in the study, divided up into four experimental groups of six each. Horizontal EOG was registered in one group of 1-month-old infants, one group of 2-month-old infants and one group of 3-month-old infants (+_ 1 week). In an additional control group of 3-month-olds, the EOG electrodes were placed on the forehead, right above the eyes. Altogether, 10 infants were excluded because of fussing, falling asleep and unusable calibration records. At the start of the experiment, the infants were recently fed and were assured to be in an alert state.
Apparatus
The experiment was performed in an apparatus in which an infant chair, a visual surrounding, and a visual target could be independently moved around one and the same axis aligned with the body of the infant (see Fig. 1 ). The infant chair was especially designed to provide full support for the trunk, while allowing free movements of the limbs. The head of the infant was lightly supported with pads so that it could rotate without falling aside. During the experiments, the chair was comfortably inclined at an angle of 40 deg ( 2-and 3-month-olds) or 50 deg (1-month-olds). The chair was placed at the centre of a drum, 100 cm in diameter and 100 cm high, with the head of the infant positioned at about its centre. The rotational axis of the drum and chair corresponded approximately to the dorsal column of the infant. The drum had an opening, 86 deg wide, and could be rotated manually 180 deg to enable the experimenter or the parents quick access to the infant. Before and after the experiment, the opening of the drum was positioned right in front of the chair. After positioning the infant in the chair, the drum was rotated 180 deg leaving the opening of the drum right behind the infant. During the experiments, the drum was engaged to an electric motor with controllable speed which moved it back and forth sinusoidally during a preset time.
The inside of the drum was covered with a red-andwhite striped cloth with sharp borders, 0.14 c/deg. This is a spatial frequency to which 1-month-olds are highly sensitive (Banks & Salapatek, 1978) . In the middle of the drum, right in front of the infant, there was a narrow horizontal slit, 60 cm long in which a movable object was permanently placed. It was a circular yellow happy face, 5.0 cm in diameter corresponding to a visual angle of approx. black eyes and mouth. A small flashing lamp was placed at its centre. Just below the face a small bell was placed to attract the infant. A small hole in the middle of the "happy face", through which the infant's eyes were seen, enabled the experimenter to monitor his or her fixation. When calibrating the EOG the "happy face" was moved manually to various positions along the slit. A small video camera (Panasonic WV-KS152) was placed in front of the infant, 22 cm above the slit. Only the lens, which had a diameter of 15 mm, was visible from the infant chair. It was attached to the moving drum, and did not attract much attention. The video signal was fed into a video tape recorder and a monitor placed to the side of the apparatus so that the parents and the experimenter could observe the infant during the experiment.
Measurement of head and target motion
A schematic outline of the measurement arrangements can be seen in Fig. 2 . An opto-electronic device, Selspot (Selcom AB, Partille, Sweden) was used to monitor the movements of the subject and the target. The signal-emitting part of the system consisted of light emitting diodes (LEDs) emitting light in the infrared part of the spectrum invisible to the human eye. The LEDs used were 4 mm in diameter with a half power angle of 60deg (LED 2). Two cameras with open shutters and equipped with opto-electronic plates monitored the positions of the LEDs in X and Y coordinates. The cameras were placed 1.5 m above the equipment, symmetrically relative to the axis of the chair and the rotating drum, at an inter distance of 70 cm. The system worked sequentially such that the position of each of the LEDs was registered by each camera in a preset repetitive order. Data was collected at 200 Hz. The system had a base frequency of 10,000 Hz and when sampling at lower frequencies like in the presented experiment the time between each time sample was filled with dummy numbers.
Two LEDs were used to record head position of the infant. They were placed mid-sagittally on the head and about 7-9 cm apart. A third LED was placed on the schematic face target, for recording the motion of the drum during the experiment and the position of the "happy face" during calibration trials. The sampled data was fed into a PC486 computer and stored on its hard disk within the Selspot software system (MULTILAB, Selcom).
Electro-oculographic recording and calibration
The EOG system was designed in collaboration with G. Westling (Dept of Physiology, Ume~ University). The signals from the two electrodes were fed via 10 cm long cables into a preamplifier (20 x 30 x 8 mm) attached to the head of the infant. The preamplifier was introduced to eliminate the impedance problems of traditional EOG measurements associated with long wires. The amplifier was powered by a battery and completely optically isolated from the rest of the equipment for safety reasons. The signal was relayed to the outer system by means of optical switches. From the amplifier the signal was fed into the computer and stored on its hard disk within the Selspot software system (MULTILAB).
The electrodes were of miniature type (Beckman) and had been soaked in physiological saline for at least 30 rain before use. They were then filled with conductive electrode cream (Synapse, Med-Tek Corp.) When registering horizontal eye movements, the electrodes were attached to the outer canthi. The ground electrode, a standard EEG child electrode, was placed on the ear lobe.
When the EOG signal was calibrated it was assured that the subject fixated the schematic face at several different positions while recording its position together with head and eye movements, as described by Finocchio, Preston and Fuchs (1990) . The experimenter moved the face slowly from side to side, stopping in the centre (0deg), at an intermediate distance (16deg) and at the turning points (24 deg of visual angle to the side). By watching the infant through the small hole at the centre of the "happy face", the experimenter could confirm that the infant fixated it at each position. During the calibration procedure, data was collected from the EOG and the LEDs on the target and the head simultaneously.
This procedure worked less well with the 1-montholds and for three of them the infant seat was therefore rotated sinusoidally back and forth over a 28.3 deg arc at 0.2 Hz against the stationary drum evoking both VOR and OKR. The periods of smooth counter rotations of the eyes were then related to the rotation of the head assuming a gain of 1.0. (Finocchio et al., 1991) .
Experimental procedure
The experiments were performed in a laboratory kept at constant intermediate light level. A soft background music filled the room. Two experimenters and one parent were always present during the experiment. Before applying the EOG electrodes, the skin was gently wiped with 20% alcohol solution. The infant was placed in the seat with the EOG electrodes properly attached. The preamplifier and two LEDs were attached with skin tape.
After placing the drum in front of the infant, the first calibration was run followed by one trial in each of the three experimental conditions in randomized order. During the experimental triads, the "happy face" did not move relative the drum. In all conditions, the drum oscillated back and forth for 30 sec over a 28.3 deg arc (35,4 deg visual angle) according to a sinusoidal velocity function (Fig. 1) . The speed of the drum in each of the three conditions was set at 0.1, 0.2 and 0.3 Hz corresponding to a maximal drum rotation of either 8.9, 17.8 or 26.7 deg/sec respectively. In terms of visual angle, these speeds corresponded to 11.1, 22.2 and 33.4 deg/sec respectively. After the first three trials a new calibration was made after which the conditions were presented another time to the infant, now in the opposite order. Data was collected during 33 sec giving approx. 1 sec of recording before the drum motion started and 2 sec after it had stopped. Between each trial, the base level of the EOG signal was adjusted when the infant looked straight ahead. Most infants looked with interest at the motion during the whole session, and it actually had a soothing effect on them. However, some of the 1-and 2-montholds, were less co-operative and sometimes the experiment was interrupted for feeding or comforting by the parent. The duration of a whole experimental session was about 10 rain.
Data analysis
The videotapes were examined to decide whether a trial should be included or disregarded. Trials where the subject cried, fell asleep or watched their own body instead of the drum were disregarded. There were 13 such trials in the 1-month-old group, two in the 2-month-old group and three in the 3-month-old groups. The number of trials analysed for each infant and condition can be seen in Table I .
The EOG signal and the three-dimensional coordinates of the three LEDs were first translated to DOS environment. Further calculations were then performed in a program specially designed for time series, FYSTAT (Lars B/ickstr6m, Dept of Physiology, Ume~ University).
All calculations were performed in the plane of 
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rotation of the drum (xz-plane, see Fig. l ) which had its origin on the rotation axis (the y-axis). The position of the target on the drum was transferred to angular coordinates. Equation (1) was used to estimate head rotation from the two LEDs placed mid-sagittally on the head
( 1) where v (approximated as v from tan v) is the angle of head movement and p and q are the positions of the LEDs on the head (see Fig. 1 ).
The calibration factor of the EOG in mV/deg was obtained by dividing the difference between the values of the EOG signal at different calibration positions with the difference in degrees between head and target at those positions. A linear relation was then assumed between the EOG signal and the radial displacement. Eye movements were calibrated in the same angular reference system as the head and the drum, i.e. in terms of how much head movement would be required to shift gaze an equal amount. Amplitudes of eye movements were regarded as proportional to the corresponding head movements. If the eyes are displaced 10cm relative to the rotation axis (this value was estimated from measurements on a few of the participating infants) and the target is positioned 50 cm from the rotation axis, 1 deg of head movement would then correspond to 1.25 deg of eye movement. The correct relationship is expressed in equation (2) tan ~ = 50 × sinfl/(50 × cos//-10)
where ~ is the eye position and//the corresponding head position relative to the z-axis (see Fig. 1 ). Within the interval _+ 15 deg the true relationship between ~ and// deviates from proportionality with less than 0.5%. Before analysing the movements, linear drifts were eliminated from the EOG records. The gaze was estimated as the sum of eye and head positions. Angular velocities were estimated as the difference between consecutive co-ordinates. Each velocity value was the mean difference between 10 time samples. The velocities of the eyes, head, drum, and gaze were routinely calculated in this way.
Saccades. The number of saccades was estimated from the eye velocity records by counting the peaks with an absolute value > 40 deg/sec. When calculating the crosscorrelations between head and eye velocities, saccades were excluded by discounting the parts of the records at which the absolute values of eye velocity were > 40 deg/sec.
Calculation of gain. The gain of eye, head, and gaze angular positions or velocities relative to the drum was estimated as the ratio of the amplitudes of the signal and the drum at the fundamental frequency of the drum, i.e. 0.1, 0.2 or 0.3 Hz. The amplitudes at this frequency of the position or velocity signals were determined from their Fourier spectra.
Calculation of phase lag. The phase lag between two variables was calculated by cross-correlation analysis. When estimating phase differences relative to the drum movement, whole trials were considered for each analysis, excluding saccades. For the analysis of the reciprocity relationship of eye and head velocities at higher frequencies, cross-correlations for each trial were calculated over 3-sec windows. The window was shifted 1 sec forward for each analysis, giving, at most, 30 analyses per trial. For each analysis, the peak correlation and its phase difference in msec was determined.
Calculation of latency time. The latency for the start of the tracking movement was defined as the time at which the gaze had shifted 2 deg in the direction of the drum movement and continued to move in the same direction.
Filterings
The EOG signal was low-pass filtered at 20 Hz by means of a third-order Butterworth filter with minimum phase lag which introduced a constant time delay of 15 msec for all frequencies up to 40 Hz. The gain of an input signal, however, started to decrease above 10 Hz, being 79% at 20 Hz. In the analysis, the EOG data were compensated for a 15 msec delay. All position data (EOG and SELSPOT) were digitally low-pass filtered at 28.6 Hz. The calculation of velocity, obtained as the difference between 10 consecutive positions, also acted as a low-pass filter at 20 Hz.
Characteristics of the presented eye and head movement data
Position and velocity accuracy. The position accuracy of each SELSPOT measurement was approx. __.0.2 deg of head angle and the velocity data of approx. _+ 0.8 deg/sec. It was not possible to determine an absolute accuracy of the EOG but estimates indicated an accuracy of around +0.4deg for position and _+ 1.5 deg/sec for velocity. For the 1-month-olds these figures were probably somewhat higher, or around + 0.5 deg and _+ 2 deg/sec.
Temporal accurao'. The sampling of the EOG and the SELSPOT was performed at a specilc sequential order which introduced a systematic time error of at most 0.6msec between the SELSPOT and the EOG. The sampling rate of 200 Hz introduced a random time error between eye and head movement events of at most 5 msec (mean = 0 msec). The whole sequence from the input of the EOG preamplifier to the computer input was tested to determine whether any other systematic delays or advancements occurred apart from the delay in the Butterworth filter. No such errors were detected for frequencies up to 40 Hz. None of the digital filters introduced any delays.
EOG calibration. The calibrated eye movement gain was subject to a maximum error (15%) which is equal to the visual angle of the fixation target (7.2 deg) divided by the size of the total calibration interval (48 deg). This would occur if the child systematically fixated the opposite sides of the "happy face" at the extremes of the calibration interval. If the child fixated the flashing light all the time, the calibration error would be considerably less.
The calculated eye~lrum position gains obtained for the two groups of 1-month-olds where two different calibration methods had been used were similar: the obtained gain was 0.52 (SD = 0.17) for the oscillationthe-subject method and 0.62 (SD = 0.25) for the happyface method (t < 1, d.f. = 22).
EOG artefacts. A control experiment was performed
to determine the influence of EMG or EEG artefacts on the EOG records of phase cross correlations. Six 3-month-old infants (S19 $24 in Table 1 ) underwent the same experimental procedure as the other infants, with the exception that the EOG electrodes were placed on the forehead, right above the centre of the pupils. With such a position, no horizontal eye movements would be registered, but the artefacts should be of the same magnitude as with the electrodes placed at the canthi.
Statistical methods
Routinely, effects of condition and age were tested with ANOVAs (SYSTAT). A general linear model was used with age as between subject variable and condition as within subject variable. As can be seen from Table 1 , two measurements were not secured for all subjects in all conditions. Missing values were substituted by the subject mean, calculated as the mean of the average response in each condition. For the two subjects who gave no response in the slowest condition, $2 and $6, the age mean of that condition was used as a replacement.
RESULTS
Examples of trials from 1-, 2-and 3-month-old infants can be seen in Fig. 3 . It can clearly be seen from the records, that, in each case, the infant tracked the drum with both head and eyes.
The tracking of the drum: gain
On the average the gains for velocity were slightly higher (mean = 2.5%) than those obtained for position (t = 2.01, d.f. = 89, P < 0.05). However, the differences did not depend on age or condition and there were no interaction effects (F < 1.0). As all effects were similar for velocity and position gains, only the analyses of the velocity gains are reported below.
The velocity gains as a function of age and condition are shown in Fig. 4 . The effects of age were found to be marginal or absent possibly due to large inter-individual differences. Gaze gains showed a marginal effect of age [F(2,15) = 3.040, P = 0.08]) with subject means varying from 0.47 to 0.75 for the 1-month-olds and from 0.60 to 0.88 for the 3-month-olds. Also head gain increased marginally with age [F(2,15) = 3.067, P = 0.08, but not eye gain [F(2,15)= 1.45]. Actually, the mean eye gain for the middle drum velocity, 0.2 Hz, was very similar for the three age groups or 0.57, 0.58 and 0.63 for the 1-, 2-and 3-month-olds respectively. A quadratic trend was found for the effect of drum velocity on eye gain [F(1,15) =4.90, P <0.05] and drum velocity on gaze gain [F(1,15)= 6.98, P < 0.02].
If the results obtained for the lowest target velocity, 0.1 Hz, were excluded, a marginal effect of age was still present for gaze gain [F(2,15) = 3.014, P = 0.08] but no effects of drum velocity remained. At each age the head gain contributed significantly to the gaze gain. Its contribution was 5.9% at 1 month [t = 3.86, P < 0.01], 9.2% at 2 months [t = 10.42, P < 0.01] and 12.7% at 3 months [t = 7.61, P < 0.01].
The tracking of the drum: phase
Cross-correlations between drum velocities and eye and gaze velocities were calculated to get estimates of phase differences at peak correlation. The standard deviations of the phase differences at the slowest condition (0.1 Hz) were large (SD = 248 msec), indicating that the tracking was rather noisy in this condition. The fact that there were only three oscillations in each trial probably contributed to this effect. For the drum frequencies of 0.2 and 0.3 Hz, however, the tracking was better geared to the motion of the drum with lower variations and higher correlations. On the average, the gaze lagged the drum substantially at 1 month (170 msec) but this lag was significantly smaller at 2 (74msec) and 3 months (69msec). The mean peak correlations corresponding to those lags were: 0.50 (SD 0.12), 0.62 (SD 0.15) and 0.67 (SD 0.11) for the 1-, 2-and 3-month-old infants respectively. The gaze velocity phase-lags diminished with age [F(2,15)=4.82, P =0.02] and so did the eye velocity phase-lags [F(2,15) = 5.47, P < 0.02]. No effects were found of drum velocity on phase-lag and no interactions between age and drum velocity.
The mean phase lags of gaze velocity and eye velocity relative to the drum in the two faster conditions are plotted in Fig. 5 as a function of age. No systematic differences between the phase-lags for gaze and eye velocity were found. Thus, the improvement in phase for gaze tracking seems to be mainly due to an improvement in phase for eye tracking. The proportion of trials with a gaze phase-lag smaller than 50 msec for the 1-, 2-and 3-month-olds were 0%, 48% and 43% respectively. The corresponding proportions with a lag smaller than 100msec were 12%, 61% and 74% respectively. Two examples of predictive tracking can be seen in Fig. 6 . In an attempt to estimate learning effects the crosscorrelations for the first and the last half of each trial were finally compared. No systematic differences were found. Mean phase lag, standard deviation, number of epochs and mean peak correlations are shown. In addition, the confidence interval for the phase lag of each subject is shown.
Coordinations between head and eye movements
In addition to the low frequency components corresponding to the drum motion, head velocities were characterized by high frequency components (1-6 Hz). In order to stabilize gaze on the moving visual pattern, the eyes must eliminate the effect of these high frequency head velocity movements. To determine how well the eyes fulfilled this task, eye velocity was compared to the velocity of the drum relative to the head (called head-slip below). If the head moved precisely with the drum there would be no head slip and no eye movements would be needed to stabilize gaze on the drum. If the head did not move at all, the amount of head slip would be equal to the drum velocity and also to the eye velocity needed to stabilize gaze.
The eyes were indeed found to compensate for head movements unrelated to the drum motion. Two examples of representative eye and head movement records are shown in Fig. 7 demonstrating that the eyes and head (eye velocity and head-slip) were co-ordinated in a reciprocal fashion. The high frequency compensatory eye movements rarely exceeding 40deg/sec were clearly distinguishable from saccades which had shorter durations and higher amplitudes.
To determine how much eye velocity lagged head velocity, cross-correlations between eye velocity and head slip were calculated over 3-sec intervals. No systematic differences were found between conditions and therefore these effects were pooled over conditions for each subject. Histograms of the distributions of phase lags for all subjects over all conditions in each age group are shown in Fig. 8(a, b, c) for the interval _+ 85 msec. A distinct peak can be seen in each of these distributions at around 0 msec. The mean phase lags (calculated on all the obtained values) were 3, 5 and 3 msec for the 1-, 2-and 3-month-old infants respectively. The corresponding confidence intervals at 95% level were _+5, _+3 and _+3 msec. The mean peak correlations were 0.42, 0.50 and 0.57 for the 1-, 2-and 3-month-old infants respectively. The differences in peak correlations between the three age groups were statistically significant [F(2,2667) = 102.4, P < 0.000001].
Individual data are shown in Table 2 for phase lag, standard deviation, confidence interval, and peak correlation. It can be seen that there is a tendency for the higher mean peak correlations to be accompanied by smaller standard deviations (r = -0.78).
In Fig. 8(d) the corresponding calculations from the control experiment are presented. The resulting distribution differs from Fig. 8(a, b, c) in the sense that it is essentially flat. Thus, the observed synchrony between head-slip and eye velocity cannot be explained by recorded artefact signals.
In order to evaluate whether the obtained cross-correlations between head-slip and eye velocity were influenced by drum tracking, an additional analysis was performed, in which the tracking movements were removed by high-pass filtering of the records at ! Hz. This was accomplished by first low-pass filtering the records by a symmetric mean filter, averaging 200 consecutive measurements, after which the filtered data was subtracted from the original record. Cross-correlations were estimated between the filtered eye velocity records and the filtered and inverted head velocity records by the same procedure as above. Histograms of the distributions of phase differences for each experimental group are indicated with the dashed lines in Fig. 8(a, b, c, d ). It can be seen that these distributions deviate very little from the corresponding unfiltered ones.
How well were the high frequency components of eye and head velocities scaled to each other? A conventional estimate of gain is not applicable as they were composed of many frequency components. Estimates of the average magnitudes of the eye velocity were therefore obtained by calculating the standard deviations of the high-pass filtered eye and head velocity records. The mean standard deviations of eye and head velocities for these high frequency components and their mean ratios (eye velocity/head velocity) are shown in Table 3 for each subiect. Table 3 shows that the standard deviations of eye velocity are much higher than the standard deviations of head velocity and that this difference is generally larger in the younger infants. The magnitudes of individual ratios between the standard deviations of eye and head velocity were subject to a Kruskal Wallis non-parametric test and found to be different for the three age groups (X2= 11.85, d.f. = 2, P <0.01). In other words, the adjustments of eye movements to head movements improves with age. Essentially all high frequency modulations of head velocity were overcompensated by the eyes.
Gaze latency time at start and stop of the drum
Examples of gaze and drum positions at start are shown in Fig. 9 . The infants used various strategies when starting to track. Sometimes the start was very gradual. At other trials, it was a fast, high amplitude movement of the eyes, as shown by S1 in Fig. 9 . This type was especially common in the l-month-olds. It occurred in nine trials out of 23. In some cases the fast movement was an ordinary saccade and in other cases it was more like the kind of "slow saccade" described by Hainline, Turkel, Abramov, Lemerise and Harris (1984) . Starting with a saccade was somewhat less common for the 2-month-olds (6 cases of 34) and the 3-month-olds (6 cases of 33). The latency of the start was inversely dependent on age [F(2,15) = 7.43, P < 0.01]. The average values were 0.86sec (SD=0.67sec), 0.61sec (SD = 0.29 sec) and 0.56 sec (SD = 0.20 sec) for the 1-, 2-and 3-month-olds respectively. As the drum started at a, more or less, randomly determined part of the oscillatory cycle, velocity during the latency period varied within as well as between conditions. The correlation between starting latency and velocity during the latency period was found to be close to zero (r = -0.07).
When the drum stopped moving, many infants continued to move their eyes in a "smooth" tracking manner for an average of 1.3 sec (SD = 0.5 sec), as illustrated for [] 1-month-olds; Q) 2-month-olds; ~ 3-month-olds.
$7 in Fig. 10 . Such overshooting was seen in 60%, 44% and 33% of the total number of trials performed by the 1-, 2-and 3-month-olds respectively.
Saccadcs
The number of saccades per second is shown in Fig. 11 . No effect on the number of saccades with age was seen. However, a linear trend was found between drum velocity and the number of saccades F(1,15)= 5.56, P < 0.05]. The saccades seemed randomly distributed over the 30-sec-trials.
DISCUSSION
Tracking
The infants tracked the oscillating movements of the drum with both head and eyes. Head movements contributed significantly to stabilizing gaze on the target. Other studies indicate that the contribution of head movements improve with age in infants' tracking. Bloch and Carchon (1992) found that 30 day-old infants used the head more than newborns in the tracking of a target. Daniel and Lee (1990) who studied tracking in 11-to 28-week-old infants found the same trend. In the present study a marginal age effect was found. The 3-month-olds showed, on the average, a higher contribution of head movements than the lmonth-olds but the inter-individual differences were relatively large.
The tracking accomplished by the 1-month-old infants in the present study was connected with a substantial lag (Fig. 5) . However, the lags were found to get systematically smaller over age and this decrease in phase lag with age could be explained in terms of improved eye movements. A predictive strategy was used by some of the 2-and 3-month-olds as indicated by Fig. 6 .
What kind of information might drive the smooth tracking in young infants? First, if drum velocity was the stimulus, the tracking would be a steplike updating of velocity with an average lag that is equal to half the updating time. Gaze position would not lag target position systematically, but, within each cycle of motion, gaze would lag the target as it speeds up and be ahead of it as it slows down. Such tracking could account for the performance of the 1-month-olds and some of the 2-and 3-month-olds. However, for those cases where no or little systematic lag was found between the target and gaze velocities, the subject must have taken the velocity changes of the drum into account. This could be realized by forming a predictive model of the regular sinusoidal drum motion, but it is clearly not the only possibility. A more local process is also conceivable.
Gain was found to be only marginally dependent on age. In fact, one of the 1-month-olds had higher gains than some of the 3-month-olds. This indicates that the ability to track a large visual flow like the one used in the present study may develop before 1 month of age. On the other hand, the range of functioning was found to be more narrow for the younger age groups. They tended to loose track of the target when it moved too fast or slow (see Fig. 4) .
Although saccades and micro-saccades are observed in adult tracking (Bahill & McDonald, 1983) saccadic tracking is generally a sign of immaturity. The wide angle stimulus used in the present study elicited smooth pursuit in the 1-month-olds at all three velocities used, but at the faster stimulus velocities, catch up saccades were found to be more common. Relatively more 1-month-old infants responded with a high-amplitude saccade when the drum started. They also showed a longer latencies for starting to track the drum than the 3-month-olds. The observation that the latency time at start was unrelated to the drum velocity has also been reported in adults (Carl & Gellman, 1987) for target velocities > 2 deg/sec.
It is often assumed that there are two visual mechanisms for smooth tracking: one designed for tracking small moving objects (smooth pursuit) and the other to stabilize gaze on the environment during self motion (OKR). In terms of that terminology, the tracking obtained in the present study should be classified as OKR because of the wide angle stimulus used. The "happy face" right in front of the infant does not, in itself, constitute a stimulus for smooth pursuit because it does not move against the background. If the tracking observed is OKR rather than smooth pursuit, then it must be concluded that OKR becomes predictive around the same age as the smooth pursuit. The only defining difference between OKR and smooth pursuit, then, is the size of the stimulus that elicits it. However, that does not necessarily mean that there are two mechanisms for visual tracking (Kowler, 1990 ). An argument for two mechanisms is the findings that smooth tracking of "large" stimuli develops before smooth tracking of "small" stimuli. But that could also be explained in terms of improved performance of a single tracking system. Studies, where the age of the infant and the size of the target are systematically varied are necessary for resolving this question.
Head eye coordination
The higher frequency components of infant's natural head movements have not been reported on earlier. In adults, however, it has been observed that postural stabilization of the head results in high frequency head movements (Gresty & Ell, 1982; Skavenski, Hansen, Steinman & Winterman,1979) . For example, in upright position, head oscillations are noticed mostly in the interval below 2 Hz, but with peaks at 3.5, 5 and 6.5 Hz (Skavenski et al., 1979) . Infants' high frequency head movements are probably different from those in adults. It has been suggested by Gresty (1992) that the support of the infant's head will introduce a passive dynamic factor, largely from uncompensated head inertia, which is quite unlike the adult mode of control. It is not known how these modulations of head movements are compensated for in a natural tracking task where many different forces are acting on the head simultaneously.
However, a number of studies have been published on how the oculomotor system in adults compensates for both active and passive high frequency regular head movements in the dark as well as in the light (Benson & Barnes, 1978; Tomlinson et al., 1980; Hyd6n et al., 1982; Jell, Stockwell, Turnipseed & Guedry, 1988) . These studies show that an effective VOR with approximately unity gain and zero phase lag is responsible for maintaining gaze during high frequency head oscillations (1-6 Hz). The obtained data indicate that such a predictive VOR is functioning in young infants as well. The results also show that the tracking does not inhibit the functioning of VOR in the higher frequency range.
Rather it is integrated with the tracking action. In other words, the young infant seems both able to used head movements as a part of the tracking action, and to compensate for head movements to the extent that they interfer with the tracking.
The results indicate that the scaling of compensatory eye movements to head movements develops more slowly than phase (Table 2 ). At 1 month of age, the phase (eye velocity-head slip) is close to zero but eye and head movements seem poorly scaled to each other. At 3 months of age, the compensatory eye movements are better adjusted to the head movements both spatially and temporally. This result may be related to results obtained by Melville-Jones (1977) . He studied the adaptive changes of the horizontal VOR in human subjects with maintained reversal of their visual field. When returning to normal vision after 4 weeks of adaptation, phase returned to normal within a few hours, while restoration of gain occupied a period similar to that of the original adaptation.
Compensatory eye movements with zero phase require prediction If phase is zero, then the amplitude of the tracked motion must also be predicted in order to have unity gain. This is especially obvious in a natural situation where the amplitude of head movements is variable. During continuous head movements, vestibular information could, in principle, be used prospectively in both these respects for stabilizing gaze on the target. However, the response cannot be a function of solely vestibular information. For example, the distance to the fixation target must be taken into account when calibrating the gain of the compensatory eye movements. It has recently been shown that such adjustments of the VOR are performed prospectively during vergence eye movements by adjusting the gain of the compensatory eye movement to the distance of the target to be moved to (Snyder, Lawrence & King, 1992) .
When the produced head movements are voluntary, the associated compensatory eye movements could also be driven by the same central command that drives the head. However, such a process requires the formation of predictive models of the production of eye and head movements in which the very different time delays of the small eyes and the large head are taken into account. It is also possible that the VOR is driven by a combination of an internal predictive model and prospective information about upcoming head movements. Future research is needed to disentangle these alternatives. If predictive internal models are used to co-ordinate head and eyes, then the understanding of how these models develop become critically important also for our understanding of cognitive development. The results indicate that the basic abilities for stabilizing gaze on a visual flow with head and eye movements are acquired during the first three months of life. First, the 1-month-old infants seemed to be able to track a wide angle stimulus but with a substantial lag. This lag diminished considerably up to 3 months of age. Secondly, the 1-month-old infants showed an emerging ability to compensate for higher frequency head movements, unrelated to target motion and without a systematic lag. However, the ability to adjust the amplitudes of eye movements to head movements seemed to develop more slowly. In other words, for the tracking of a visual flow, gain seem to develop ahead of phase and for the compensation of higher frequency head movements, phase seem to develop ahead of gain. The lower frequency head and eye tracking movements and the higher frequency compensatory eye movements exist together and and collaborate in stabilizing gaze on the target.
